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The fusion (F) protein of simian virus 5 strain W3A induces syncytium formation independently of coexpression of the hemagglutinin-
neuraminidase protein. This property can be transferred to the F protein of strain WR by replacing the leucine at position 22 with the W3A F
counterpart, proline. The resulting mutant L22P has a conformation that is distinct from that of the WR F protein. Se-L22P is a cleavage site
mutant of L22P that is cleavable only by addition of exogenous trypsin. We showed here that the cell surface-localized L22P was internalized with
a t1/2 of 25 min and degraded in the cell, while the WR F protein was not. The cell surface-localized Se-L22P underwent a significant
conformational change upon cleavage. Intriguingly, it disappeared from the cell surface due to its internalization, while inducing extensive
syncytium formation. These results indicate that L22P may display an internalization signal during the course of fusion induction.
D 2005 Elsevier Inc. All rights reserved.Keywords: Simian virus 5; Fusion protein; Conformational change; Endocytosis; Syncytium formationIntroduction
Two kinds of glycoprotein spikes, hemagglutinin-neuramin-
idase (HN) tetramer and fusion (F) protein trimer, are present in
the viral envelope of the genera Respirovirus, Avulavirus, and
Rubulavirus of the family Paramyxoviridae (Chanock et al.,
2001; Lamb and Kolakofsky, 2001; Mayo, 2002), which include
Sendai virus (SeV), human parainfluenza type 3 virus (hPIV3),
Newcastle disease virus (NDV), and simian virus 5 (SV5). The
HN protein is a type II membrane protein and is responsible for
binding to the viral receptor, sialoconjugate, and for enzymatic
cleavage of the receptor, while the F protein is a type I membrane
protein and is involved in envelope-to-cell and cell-to-cell fusion
(syncytium formation) (Chanock et al., 2001; Lamb and
Kolakofsky, 2001). The F precursor, F0, is cleaved by cellular
proteases and forms a disulfide-bonded subunit structure
consisting of the transmembrane subunit F1 and the peripheral0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: turudome@doc.medic.mie-u.ac.jp (M. Tsurudome).subunit F2. This cleavage of the F protein is a prerequisite for its
fusion activity (Homma and Ohuchi, 1973; Scheid and Choppin,
1974) and results in a conformational change of the F protein
(Hsu et al., 1981; Kohama et al., 1981; Umino et al., 1990),
which involves generation of highly-conserved fusion peptide at
the F1 N terminus (Hsu et al., 1981; Kohama et al., 1981). The
fusion peptide is a hydrophobic segment and is considered to
play a direct role in the fusion event (Gething et al., 1978;
Novick and Hoekstra, 1988). Besides the fusion peptide, the F1
ectodomain has heptad repeat domains HR1 and HR2 (Cham-
bers et al., 1992); the HR1 domain is immediately next to the C
terminus of the fusion peptide, while the HR2 domain is close
to the transmembrane domain. Between the two heptad repeat
domains, there is a highly conserved stretch of eight cysteine
residues (Chambers et al., 1992). This cysteine-rich region
includes four loops (Cys–Cys loops), each of which is formed
with two cysteines connected by a disulfide bond (Chen et al.,
2001).
The F protein is considered to mediate fusion by undergoing a
series of conformational changes the same as do other class I06) 11 – 27
www.e
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Jardetzky and Lamb, 2004). Interestingly, the F protein requires
a fusion-promoting function of the receptor-binding protein
(HN) in a type-specific manner (Hu et al., 1992), while the other
type I fusion proteins reported so far possess both the receptor-
binding and fusion activities. It is considered that binding of the
HN protein to the receptor induces a conformational change of
the HN protein that, in turn, triggers conformational changes of
the F protein through an HN–F interaction (Takimoto et al.,
2002). According to a model proposed by Russell et al. (2004),
the conformational changes of the F protein may involve the
following unique structures: (i) a fusion-inactive uncleaved F0
structure, (ii) a metastable F1 plus F2 structure, (iii) an activated
intermediate triggered by HN binding to its receptor, (iv) a
prehairpin intermediate in which the fusion peptide interacts
with target membranes, and (v) a fusogenic ‘‘postfusion’’ form
that has a six-helix bundle structure as its core. Formation of the
six-helix bundle structure is considered directly coupled to
membrane fusion (Baker et al., 1999; Russell et al., 2001).
Noteworthily, if these conformational changes have taken place
in the absence of the target membrane, the fusion peptide may
insert into its own membrane and the F protein would be
inactivated as reported for the influenza virus HA (Weber et al.,
1994). Recently, different models have been proposed for the F
protein-mediated fusion (Colman and Lawrence, 2003; Peisa-
jovich and Shai, 2002) on the basis of a crystallographic study
that has suggested that the orientation of the prefusion form of
the NDV F trimer with respect to membrane is opposite to that of
the influenza virus HA (Chen et al., 2001). Thus, the molecular
mechanism by which the F protein mediates membrane fusion is
still obscure and a matter of debate partly because there is a lack
of information about the structure of prefusion and postfusion
forms of the F protein (reviewed in Morrison, 2003).
As compared with the influenza virus HA, whose conforma-
tional changes can be triggered by acidic pH even in the absence
of membrane (Bullough et al., 1994), analysis of the F protein in
a membrane-free system appears somewhat difficult, since it
may require, in the same membrane, the presence of receptor-
bound HN protein as the trigger for its conformational changes.
Moreover, even in the infected or transfected cells, it is not as yet
clear how the HN protein triggers the conformational changes of
the F protein and how much proportion of the F proteins on the
cell surface is directly involved in the HN–F interaction that
leads to membrane fusion.
It has previously been shown that the F protein of SV5 strain
W3A does not require coexpression of the HN protein for their
fusion activity (Horvath et al., 1992; Paterson et al., 1985),
whereas the F protein of strain WR requires the HN protein the
same as do other paramyxovirus F proteins (Ito et al., 1997). It
was also shown that a mutant L22P, in which the leucine at
position 22 of the WR F protein was replaced with the
counterpart of the W3A F protein, mediated syncytium
formation independently of coexpression of the HN protein
(Ito et al., 1997). This observation that a single amino acid
substitution can bestow the HN-independent fusion activity on
the otherwise fusion-inactiveWRF protein led us to compare the
structural and functional properties of L22P with those of theWR F protein, which would provide clues that might be helpful
for understanding the molecular mechanism of paramyxovirus
fusion. Accordingly, our previous flow cytometric analysis
using conformation-specific anti-F monoclonal antibodies
(MAbs) revealed a striking difference in the conformation
between L22P and the WR F protein even before cleavage
(Tsurudome et al., 2001). We thus supposed that L22P has a
destabilized structure, which may correspond to an intermediate
between native and postfusion forms of a typical paramyxovirus
F protein, and thus easily undergoes conformational changes that
lead to fusion by yet unidentified trigger(s). The destabilized
nature of L22P is attributable to the presence of proline at
position 22, which has been shown to decrease the energy
required to trigger the presumptive conformational change to the
fusion-active state (Paterson et al., 2000). Intriguingly, on the
other hand, a protein with a molecular mass of 36 kDa was
detected in the L22P-expressing cells, whereas it was not found
in the WR F-protein expressing cells (Tsurudome et al., 2001).
The appearance of the 36-kDa protein depended on the cleavage
of L22P as analyzed by using its cleavage site mutant, Se–L22P,
whose cleavage is achieved by addition of exogenous trypsin,
and thus seemed closely related to the fusion activity and/or the
structure of L22P. However, the nature of the 36-kDa protein has
not been investigated in detail.
We have shown here that the 36-kDa protein is derived from
the F1 of L22P that has undergone internalization and has been
digested by lysosomal protease(s). We have also shown that the
cleaved Se-L22P acts as a transient fusogen in that it quickly
disappears from the cell surface due to internalization while
inducing syncytium formation. Thus, the internalization com-
petence of L22P seems closely related to the fusion activity.
Our present hypothesis that L22P is internalized as a result of
its conformational change may suggest a novel property of the
SV5 F protein.
Results
Coimmunoprecipitation of unidentified proteins with L22P
We showed previously that an unidentified protein with
molecular mass of 36 kDa was coimmunoprecipitated with
L22P either by using anti-SV5 F MAbs 6-7 and 21-1 or by
using anti-SV5 rabbit antibody when analyzed by SDS-PAGE
under reducing conditions, while it was not coprecipitated with
the WR F protein (Tsurudome et al., 2001). In addition, another
unidentified protein that comigrated with the F2 was copreci-
pitated only with L22P; this protein was tentatively designated
as X in the present study. As reported previously, the 36-kDa
protein and the protein X were detected when the L22P-
expressing cells were labeled for 3 h (Tsurudome et al., 2001)
but their amounts seemed not enough for further characteriza-
tion. Interestingly, although the 36-kDa protein and the protein
X were not detected when the L22P-expressing cells were
labeled for 2 h (Fig. 1A; 0 h of the chase period), further
incubation for more than 6 h resulted in accumulation of these
proteins (data not shown). As shown in Fig. 1A, significant
amount of the 36-kDa protein and the protein X accumulated
Fig. 1. Coimmunoprecipitation of unidentified proteins with L22P. HeLa cells
were transfected with the recombinant plasmid encoding L22P or the WR F
protein, incubated at 37 -C for 20 h, and labeled with Pro-mix L-[35S] in vitro
cell-labeling mix at 37 -C for 2 h. The cells were then incubated in the chase
medium at 37 -C for the times indicated and the cell lysates were prepared.
Proteins in the cell lysates were immunoprecipitated with MAb 6-7 and the
precipitates were subjected to SDS-PAGE under (A) reducing (13% polyacryl-
amide gel) or (B) nonreducing (10% polyacrylamide gel) conditions, followed
by autoradiography.
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was noteworthy that they remained stable up to 24 h of the
chase period. On the other hand, when the identical immuno-
precipitates were analyzed by SDS-PAGE under nonreducing
conditions, a protein band with molecular mass of 66 kDa was
found instead of the 36-kDa protein and the protein X (Fig.
1B). By contrast, these proteins were not found in the WR F
protein-expressing cells, whereas the amount of the WR F
protein decreased during the chase period (Figs. 1A and B).
Then, by using the L22P-expressing cells that had been labeled
for 12 h, we performed two-step SDS-PAGE analysis, in which
the 66-kDa protein was run successively under nonreducing
and reducing conditions (Fig. 2A), revealing that it contained
disulfide-linked two proteins, the 36-kDa protein and the
protein X. These results suggest that L22P is degraded
presumably by cellular protease(s), resulting in generation of
its breakdown product, the 66-kDa protein, and that the 36-kDa
protein and the protein X could be disulfide-linked breakdown
products of the L22P F1 (54 kDa).
The 66-kDa protein is a breakdown product of L22P
To verify the above assumption that the 36-kDa protein and
the protein X might be derived from the L22P F1, the gel strips
corresponding to these protein bands shown in Fig. 2Awere cut
out from the gel and processed for peptide mapping analysisusing Staphylococcus aureus V8 protease (Fig. 2B). Among
the fragments generated from the 36-kDa protein, three
migrated to the same positions as those that were generated
from the L22P F1 or the WR F1 (indicated with solid
arrowheads in Fig. 2B). However, the protein band, that
included the protein X and the L22P F2, was not digested by
V8 protease (data not shown). On the other hand, a faint and
broad protein band with a molecular mass of 24–27 kDa also
seemed to be derived from the 66-kDa protein (Fig. 2A) but it
gave only one fragment after V8 protease digestion which
corresponded to none of the fragments derived from the L22P
F1 or the WR F1 (Fig. 2B). These results indicate that the 36-
kDa protein is a breakdown product of the L22P F1 while the
24–27 kDa protein is a cellular protein that may comigrate
with the 66-kDa protein under nonreducing conditions. We
then anticipated that the generation of the 36-kDa protein
would be blocked by inhibiting the activity of cellular
protease(s) that might have digested L22P. Indeed, we found
that bafilomycin A1 (BAF), a high affinity inhibitor of vacuolar
H+-ATPase (Bowman et al., 1988), was able to block the
generation of the 36-kDa protein at concentrations ranging
from 50 nM to 200 nM (Fig. 2C), while 20 AM of epoxomicin,
a proteasome inhibitor (Meng et al., 1999), was not (data not
shown). On the other hand, BAF treatment resulted in
accumulation of the uncleaved precursor, F0 (Fig. 2C),
presumably because the drug hampered acidification in the
trans-Golgi network where a furin-like protease could digest
the multibasic cleavage site of the F protein (Ortmann et al.,
1994). Intriguingly, BAF treatment also resulted in prominent
increase in the amount of immunoprecipitates at concentrations
of 100 nM or 200 nM (Fig. 2C). It should be pointed out that
ethanol, which is used as the solvent for BAF, has a potential to
inhibit translation of mRNA (Lang et al., 2004). Accordingly,
our preliminary experiment showed that the amount of
immunoprecipitates of L22P reduced in the presence of ethanol
(data not shown). Thus, it could be postulated that ethanol
might inhibit protein synthesis during the chase period, in
which the residual radioactive amino acids would be con-
sumed. BAF might somehow reverse this inhibitory effect of
ethanol on protein synthesis presumably by blocking its
incorporation into the cells, although we have no direct
evidence supporting this idea at present. Nonetheless, in the
presence of 100 nM BAF, the cleaved form (F1) of L22P was
immunoprecipitated from the cell lysate at a level equivalent to
that from the control, ethanol-treated cells (Fig. 2C). Notewor-
thily, the amount of the protein X appeared to be significantly
reduced when the cells were incubated in the presence of 100
nM BAF, as compared with that in the control cells (Fig. 2C).
However, apparent comigration of the protein X with the L22P
F2 did not allow a definitive conclusion. Therefore, we
separated these comigrating proteins by Tricine–SDS-PAGE
and found that in the presence of 100 nM BAF the generation
of the protein X was completely blocked as well as the 36-kDa
protein (Fig. 2D). We also found that the protein X had a
molecular mass of 16 kDa and migrated slightly faster than did
the L22P F2. These results indicate that L22P is degraded in an
acidic compartment of HeLa cells, resulting in generation of
Fig. 2. Analyses of the breakdown products of L22P. (A) Dissection of the 66-kDa protein by two-step SDS-PAGE analysis. HeLa cells were transfected with the
L22P-encoding recombinant plasmid, incubated at 37 -C for 20 h, and labeled with Pro-mix L-[35S] at 37 -C for 12 h. The proteins in the cell lysates were
immunoprecipitated with MAb 6-7 and run in duplicate by SDS-PAGE (10% polyacrylamide gel) under nonreducing conditions. The two identical gel strips were
excised and one of which was processed for autoradiography (shown at the top) while the other was subjected to the second SDS-PAGE (13% polyacrylamide gel)
under reducing conditions (shown at the bottom). (B) Peptide map analysis. The individual protein bands shown at the bottom of panel Awere excised from the dried
gel, treated with Staphylococcus aureus V8 protease, and subjected to Tricine–SDS-PAGE (16% polyacrylamide gel) under reducing conditions as described in
Materials and methods. Similarly, the WR F1 was prepared and digested with the V8 protease as a control. Open arrowheads indicate the positions of the proteins
before being digested with the V8 protease. Solid arrowheads indicate proteolytic fragments that are common to the 36-kDa protein, L22P F1, and WR F1. (C and D)
Effect of BAF on generation of the 36-kDa protein and the protein X. HeLa cells were transfected with the recombinant plasmid encoding L22P, incubated at 37 -C
for 18 h, and labeled with Pro-mix L-[35S] in vitro cell-labeling mix at 37 -C for 30 min. The cells were then incubated at 37 -C for 3 h (C) or 9 h (D) in the chase
medium containing BAF at the concentrations indicated or in the chase medium containing an equivalent volume of the solvent (ethanol: 5 Al/ml). Proteins in the cell
lysates were immunoprecipitated with MAb 6-7 and analyzed by (C) SDS-PAGE (13% polyacrylamide gel) or (D) Tricine–SDS-PAGE (16% polyacrylamide gel)
under reducing conditions.
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linked two fragments, the 36-kDa and 16-kDa proteins.
Cell surface-localized L22P converts to the 66-kDa protein
after internalization
We then tested a likely possibility that the 66-kDa protein was
generated from the cell surface-localized L22P that had
undergone internalization and degradation. First, the cells were
surface-biotinylatedwith Sulfo-NHS-Biotin at 20 h posttransfec-
tion and the fate of the surface-localized L22P was investigated
by immunoprecipitation using MAb 6-7, followed by SDS-
PAGE under nonreducing conditions. As shown in Fig. 3A, we
found that the cell surface-localized L22P gradually converted to
the 66-kDa protein during the chase period. When analyzed bySDS-PAGE under reducing conditions, the 36-kDa protein was
detected instead of the 66-kDa protein (Fig. 3B), being
consistent with the result of the radioimmunoprecipitation
(Fig. 1). However, the 16-kDa protein could not be visualized
by biotinylation, presumably because the corresponding region
was not sufficiently exposed on the molecular surface of L22P.
On the other hand, the cell surface-localized WR F protein
generated neither the 66-kDa protein nor the 36-kDa protein,
whereas its amount gradually decreased during the chase period
(Figs. 3A and B). It should be pointed out that the cell-surface
localized L22P and the WR F protein were fully cleaved and no
uncleaved F0 bands were detected. Secondly, to test the
possibility that the cell surface-localized L22P is internalized,
we carried out biotin internalization assay, in which the cell
surface-localized proteins were biotinylated with thio-cleavable
Fig. 3. (A and B) Generation of the 66-kDa and 36-kDa proteins from the cell surface-localized L22P. HeLa cells were transfected with the recombinant plasmid
encoding L22P or the WR F protein. After 20 h of incubation at 37 -C, the cell surface proteins were biotinylated with Sulfo-NHS-Biotin on ice for 30 min and the
cells were incubated in the chase medium at 37 -C for the times indicated. The proteins in the cell lysates were immunoprecipitated with MAb 6-7 and subjected to
SDS-PAGE (10% polyacrylamide gel) under nonreducing (A) or reducing (B) conditions, followed by transfer to PVDF membrane. The biotinylated proteins on the
membrane were detected by ECL (for details, see Materials and methods). (C) Biotin internalization assay. HeLa cells were transfected with the recombinant plasmid
encoding L22P or the WR F protein. After 20 h of incubation at 37 -C, the cell surface proteins were biotinylated with thio-cleavable Sulfo-NHS-SS-Biotin on ice for
30 min and incubated in the chase medium for the times indicated. The remaining biotin moieties on the cell surface proteins were then removed by treating with
MESNA. The proteins in the cell lysates were immunoprecipitated with MAb 6-7 and subjected to SDS-PAGE (10% polyacrylamide gel) under nonreducing
conditions, followed by transfer to PVDF membrane. The biotinylated proteins on the membrane were detected by ECL. (D) Effect of BAF on generation of the 66-
kDa protein. Biotin internalization assay for L22P was performed as described above in the presence of 100 nM BAF or an equivalent volume of the solvent (ethanol:
5 Al/ml). (E) Internalization rate of L22P. Biotin internalization assay for L22P was performed as described above but with a short chase period (up to 60 min). The
amounts of the biotinylated L22P that resisted the MESNA treatment were quantified with the aid of graphics software, NIH-Image.
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incubated in the chase medium, followed by treatment with the
membrane-impermeable reducing reagent, sodium 2-mercap-
toethanesulfonate (MESNA). Then, the cell lysates were
subjected to immunoprecipitation using MAb 6-7 and analyzed
by SDS-PAGE under nonreducing conditions. As shown in Fig.
3C, the biotinylated L22P acquired prominent resistance to
MESNAwithin 1 h of the chase period. Then, the 66-kDa protein
was generated within 6 h of the chase period which becamenearly undetectable within 9 h (Fig. 3C), being consistent with
the result shown in Fig. 3A, except that the 66-kDa protein was
clearly detectable even after 12 h when L22P was biotinylated
with Sulfo-NHS-Biotin (Fig. 3A). Possibly, this seeming
instability of the 66-kDa protein that was biotinylated with
Sulfo-NHS-SS-Biotin could be explained by the thio-cleava-
bility of this reagent: the biotin moiety of Sulfo-NHS-SS-Biotin
might be released due to the reducing activity in the late
endosome/lysosome (Lloyd, 1986; Pisoni et al., 1990). On the
M. Tsurudome et al. / Virology 347 (2006) 11–2716other hand, the WR F protein that was biotinylated with Sulfo-
NHS-SS-Biotin did not show clear resistance to MESNA
throughout the chase period (Fig. 3C). It has been reported that
BAF not only inhibits acidification and protein degradation in
lysosomes of cultured cells but also affects the transport of
endocytosed material from early to late endocytic compartments
in certain cell types including HeLa cells (Bayer et al., 1998;Yoshimori et al., 1991). It was noteworthy, in this context, that
BAF could inhibit the generation of the 66-kDa protein without
affecting the internalization of L22P (Fig. 3D), suggesting that
L22P is degraded in the late endosome or lysosome. Further-
more, in the presence of BAF the internalized L22P was stable
up to 6 h of the chase period (Fig. 3D), presumably because BAF
had protected L22P against the putative reducing activity in the
Fig. 5. Internalization of Se-L22P after cleavage. (A) Cleavage efficiency of
cell surface-localized Se-L22P. HeLa cells were transfected with the recombi-
nant plasmid encoding Se-L22P. After 20 h of incubation at 37 -C, the cells
were treated with or without trypsin (5 Ag/ml) at 37 -C for 30 min, and
biotinylated with Sulfo-NHS-Biotin on ice for 30 min. The proteins in the cell
lysates were immunoprecipitated with MAb 6-7 and subjected to SDS-PAGE
(10% polyacrylamide gel) under reducing conditions, followed by transfer to
PVDF membrane. The biotinylated proteins on the membrane were detected by
ECL. (B) Internalization assay. The internalization assay for Se-L22P was
carried out as described for Fig. 4, except that the transfected HeLa cells were
treated with or without trypsin (5 Ag/ml) at 37 -C for 30 min prior to
biotinylation.
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determine the internalization rate of biotinylated L22P because
of its sensitivity to the proteolytic and putative reducing
activities in the cell, we found that the amount of the biotinylated
L22P that resisted MESNA treatment increased during the first
60 min of the chase period, which enabled us to conclude that
L22P was internalized with a t1/2 of ca. 25 min (Fig. 3E), though
we could not rule out the possibility that L22P was degraded
even within 60 min of the chase period. This rate was slightly
faster than that of SV5 HN protein (t1/2 of ¨45–50 min) (Leser
et al., 1996) but much slower than that of transferrin receptor (t1/2
of less than 5 min) (Watts, 1985). Thirdly, internalization of the
antibody-bound F proteins was analyzed by immunofluorescent
staining. The results show that internalization of L22P was
observed not only in the syncytial cells but also in the nonfused
single cells (Fig. 4A) despite that the L22P-expressing cells were
in contact with the neighboring cells (Fig. 4B). Repeated
experiments showed that only 30 to 40% of the L22P-expressing
cells could induce syncytium formation at 20 h posttransfection
(data not shown). Lastly, as shown in Fig. 4C, analysis by
confocal laser microscopy revealed that, at 20 h posttransfection,
L22P accumulated at the perinuclear region either of the
syncytial cells or of the nonfused single cells and that most of
the perinuclear L22P colocalized with a lysosomal membrane
protein, LAMP-1, that is known to be localized to the late
endosome and lysosome (Chen et al., 1985; Griffiths, 1996).
Together, it is indicated that the cell surface-localized L22P, but
not the WR F protein, undergoes internalization and is degraded
by lysosomal protease(s), resulting in generation of its break-
down product, the 66-kDa protein.
Cleavage of Se-L22P results in its conformational change and
internalization
As described above, L22P was internalized from the cell
surface while the WR F protein was not. However, correlation
between the internalization competence of L22P and its HN-
independent fusion activity seemed obscure because L22P
induced evident syncytium formation already at 20 h posttrans-
fection, the time point at which the protein was expressed on the
cell surface enough to be detected by biotinylation assay and
because L22P was internalized not only in the syncytial cells but
also in the nonfused single cells. Therefore, to further investigate
the internalization of L22P in relation to its fusion activity, we
employed its mutant, Se-L22P, whose cleavage site was replacedFig. 4. Internalization of L22P and its colocalization with a lysosomal protein. (A) Im
coverslips in six-well culture plates were transfected with the plasmid encoding L
monolayers were confluent, the cells were treated with anti-SV5 rabbit antibody o
indicated. The cells were then fixed with 3.7% formaldehyde, permeabilized with
antibody. Arrows indicate the internalized rabbit antibodies. Scale bar, 50 Am. (B) Tr
on coverslips in a six-well culture plate were transfected with the recombinant plasm
Then L22P was immunostained with MAb 6-7 (IgG2a) and FITC-conjugated anti-Ig
4-5-1 (IgG1) and TRITC-conjugated anti-IgG1 antibody (red). The nuclei were visua
in the left panel and a superimposed fluorescent image (L22P, CD98, and DNA) is s
cells grown on coverslips in a six-well culture plate were transfected with the
h posttransfection, and permeabilized with 0.1% TX-100. L22P was immunostained
LAMP-1 (IgG1) was immunostained with anti-LAMP-1 MAb (IgG1) and TRITC-cwith that of SeV F protein and induced syncytium formation
after treatment with exogenous trypsin (Tsurudome et al., 2001).
By treating the cells with trypsin at 37 -C for 30 min at 20
h posttransfection, essentially all the surface-localized Se-L22P
molecules were cleaved (Fig. 5A). As expected, the cleaved Se-
L22P underwent internalization and converted to the 66-kDa
protein the same as did L22P, while the uncleaved precursor (F0)
of Se-L22P underwent very slow internalization (t1/2 of ca. 3 h)
and did not convert to the 66-kDa protein (Fig. 5B). It should be
pointed out, however, that the uncleaved Se-L22P was poorly
precipitated with MAb 6-7, whereas the cleaved Se-L22P was
efficiently precipitated. Similar results were obtained with MAbmunofluorescence detection of internalized antibody. HeLa cells grown on glass
22P or the WR F protein. After 20 h of incubation at 37 -C when the cell
n ice for 30 min and incubated in the chase medium at 37 -C for the times
0.1% Triton X-100 (TX-100), and treated with FITC-conjugated secondary
iple fluorescent staining of HeLa cells transfected with L22P. HeLa cells grown
id encoding L22P and fixed with 3.7% formaldehyde at 20 h posttransfection.
G2a antibody (green), while CD98 heavy chain was immunostained with MAb
lized by staining DNAwith DAPI (blue). A fluorescent image of L22P is shown
hown in the right panel. Scale bar, 50 Am. (C) Confocal laser microscopy. HeLa
recombinant plasmid encoding L22P, fixed with 3.7% formaldehyde at 20
with MAb 6-7 (IgG2a) and FITC-conjugated anti-IgG2a antibody (green), while
onjugated anti-IgG1 secondary antibody (red). Scale bar, 50 Am.
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performed a flow cytometric analysis to examine whether there
would be difference in conformation between the cleaved and
uncleaved forms of Se-L22P. Since cleavage of Se-L22P might
result in its internalization and induction of syncytium formation
that would be unfavorable for its precise quantification by flow
cytometry, the transfected cells were suspended prior to the
trypsin treatment and the following procedures for immunos-
taining were performed on ice or at 4 -C. Contrary to our
expectation, as shown in Fig. 6, MAb 6-7 reacted to the
uncleaved and cleaved Se-L22P to similar extent (MFI, 260 T 35
and 284 T 16, respectively). Similarly, MAb 21-1 and anti-SV5
antibody reacted equally to the uncleaved and cleaved Se-L22P.
By contrast, another anti-F MAb, F1a (Randall et al., 1987),
poorly reacted to the cleaved Se-L22P (MFI, 23 T 1), whereas it
reacted to the uncleaved Se-L22P at a level equivalent to the
reactivity of MAb 6-7. It should be pointed out, in this context,
that MAb F1a reacted to the cleaved Se-WRF (MFI, 281 T 85) as
efficiently as it reacted to the uncleaved Se-WRF (MFI, 210 T
15) (not shown in the figure). Se-WRF is a cleavage site mutant
of the WR F protein that is cleavable by addition of exogenous
trypsin the same as Se-L22P (Tsurudome et al., 2001). In
contrast to the cleaved Se-L22P, however, the cleaved Se-WRF
does not induce syncytia by itself (Tsurudome et al., 2001) and
does not undergo internalization (data not shown).
These results indicate that Se-L22P undergoes a conforma-
tional change on cleavage that is detectable by MAb F1a in the
flow cytometry. Presumably, the preference of MAb 6-7, MAb
21-1, and anti-SV5 antibody to the cleaved Se-L22P rather than
to the uncleaved Se-L22P in the immunoprecipitation analysis
reflects this conformational change, although these antibodiesFig. 6. Flow cytometric analysis of Se-L22P before and after cleavage. HeLa
cells were transfected with the recombinant plasmid encoding Se-L22P. After
20 h of incubation at 37 -C, the cells were suspended in 0.02 % EDTA in PBS,
and treated with or without trypsin (5 Ag/ml) at 37 -C for 30 min. The cells
were then quickly chilled on ice, washed twice with ice-cold MEM containing
5% calf serum, and treated with each primary antibody at 4 -C for 60 min,
followed by treatment with respective FITC-conjugated secondary antibody at
4 -C for 60 min. The mean fluorescence intensity (MFI) of triplicate samples
was calculated as described in Materials and methods. A representative result of
three independent experiments is shown. Error bars indicate standard deviations
of the mean.cannot discriminate between the cleaved and uncleaved Se-
L22P in the flow cytometry.
Cleavage of Se-L22P results in its conformational change
irrespective of its membrane localization
The lipid rafts are membrane microdomains which are
insoluble in 1% Triton X-100 (TX-100) at low temperature
(Simons and Ikonen, 1997). The lipid rafts in the target
membrane are involved in the membrane fusion of several
enveloped viruses (Niyogi and Hildreth, 2001; Phalen and
Kielian, 1991; Smit et al., 1999). On the other hand, specific
localization of the NDV F protein in the lipid rafts is not
required for its cell-to-cell fusion activity (Dolganiuc et al.,
2003). We thus intended to see whether the conformational
change of Se-L22P would take place in relation to its
localization in the lipid rafts that might be critical for its fusion
activity. In order to investigate this issue by immunoprecipi-
tation analysis, we needed a control antibody that could
efficiently precipitate the uncleaved Se-L22P, since all the
antibodies described so far could not efficiently precipitate this
form of Se-L22P. Of 16 anti-SV5 F MAbs tested, only one
MAb, designated 1D1, precipitated the uncleaved Se-L22P far
more efficiently than the cleaved form, whereas the other 15
MAbs predominantly precipitated the cleaved Se-L22P simi-
larly to MAb 6-7 (data not shown). Interestingly, MAb 1D1
showed little reactivity to either the cleaved or uncleaved Se-
L22P in the flow cytometry (data not shown).
HeLa cells expressing Se-L22P or Se-WRF were biotiny-
lated with Sulfo-NHS-SS-Biotin and the detergent (1% TX-
100)-insoluble ‘‘raft’’ and soluble ‘‘nonraft’’ membrane frac-
tions were separated as described in Materials and methods.
Then, the proteins in each fraction were immunoprecipitated
with MAb 6-7 or MAb 1D1 and analyzed by SDS-PAGE under
nonreducing conditions. As shown in Fig. 7A, MAb 6-7
inefficiently precipitated the uncleaved Se-L22P irrespective of
whether it was localized in the detergent-soluble or insoluble
fraction, while it efficiently precipitated the uncleaved Se-L22P
in the detergent-soluble fraction. Surprisingly, however, MAb
6-7 inefficiently precipitated the cleaved Se-L22P in the
detergent-insoluble fraction. Inversely, MAb 1D1 efficiently
precipitated the uncleaved Se-L22P, but barely precipitated the
cleaved Se-L22P irrespective of their localization in the
membrane fractions. On the other hand, the MAb 6-7 could
not precipitate the uncleaved Se-WRF, whereas it efficiently
precipitated the cleaved Se-WRF irrespective of their mem-
brane localization. Noteworthily, both the uncleaved and
cleaved Se-WRF were efficiently precipitated by MAb 1D1
irrespective of their membrane localization.
These results indicate that Se-L22P undergoes a confor-
mational change on cleavage irrespective of its localization
in the lipid rafts. Intriguingly, however, the conformation of
the cleaved Se-L22P in the nonraft fraction seemed not
identical to that in the raft fraction. Although Se-WRF also
undergoes a conformational change on cleavage, the
conformation of the cleaved Se-WRF is fairly distinct from
that of the cleaved Se-L22P.
Fig. 7. (A) Reactivity of MAbs in immunoprecipitation. HeLa cells were transfected with the recombinant plasmid encoding Se-L22P or Se-WRF.
At 20 h posttransfection, the cells were treated with or without trypsin (5 Ag/ml) at 37 -C for 30 min and biotinylated with thio-cleavable Sulfo-NHS-SS-Biotin.
Immediately after biotinylation, detergent-soluble (S) and insoluble (I) membrane fractions were prepared as described in Materials and methods. The proteins in
each fraction were immunoprecipitated with MAb 6-7 or MAb 1D1 and analyzed by SDS-PAGE (10% polyacrylamide gel) under nonreducing conditions, followed
by transfer to PVDF membrane. The biotinylated proteins on the membrane were detected by ECL and the representative data of three independent experiments are
shown in the upper panel. Arrowheads point to the positions of the F proteins, while asterisks indicate unidentified cellular protein in the detergent-insoluble
fraction. The density of each protein band was measured by graphics software, NIH-Image, normalized according to each F protein–antibody combination, and
expressed as percentages (lower panel). Error bars indicate standard deviations of the mean from three independent experiments. (B) Detergent solubility of raft and
nonraft markers in the Se-L22P-expressing cells. HeLa cells were transfected with the recombinant plasmid encoding Se-L22P. At 20 h posttransfection, the cells
were treated with or without trypsin (5 Ag/ml) at 37 -C for 30 min. Then, in order to detect the nonraft marker, transferrin receptor (TfR), the cells were biotinylated
with Sulfo-NHS-Biotin, the detergent-soluble and insoluble membrane fractions were separated, and the protein was immunoprecipitated with anti-TfR MAb. The
immunoprecipitates were subjected to SDS-PAGE (10% polyacrylamide gel) under reducing conditions and transferred to PVDF membrane. The biotinylated
proteins on the membrane were detected by ECL. For the detection of the raft marker, caveolin-1 (Cav-1), the cells were not biotinylated and the detergent-soluble
and insoluble membrane fractions were separated. Then, the cell lysate was subjected to SDS-PAGE under reducing conditions, followed by immunoblotting using
anti-Cav-1 MAb. (C) Internalization assay. The internalization assay for Se-L22P was performed as described for Fig. 3C, except that the detergent-soluble and
insoluble membrane fractions were separated at each time point of the chase period. Shown in the lower panel is long exposure of the upper panel.
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expression of Se-L22P nor the trypsin treatment affected the
distribution of the raft marker, caveolin-1, and the nonraft
marker, transferrin receptor (Fig. 7B), indicating that the
integrity of the detergent-soluble and insoluble membrane
fractions was not lost during the experiment. As shown in Fig.
7C, the cleaved Se-L22P were internalized and converted to the
66-kDa protein irrespective of its membrane localization.
Syncytium formation is induced by the cleaved Se-L22P despite
its internalization
We have previously reported that the cleaved Se-L22P can
induce syncytia independently of coexpression of the HN
protein (Tsurudome et al., 2001). Since Se-L22P was internal-
ized on cleavage as described so far, it seemed of interest toFig. 8. The cleaved Se-L22P disappears from the cell surface while inducing sync
surface. The HeLa cells expressing Se-L22P were treated with trypsin (5 Ag/ml) a
medium for the times indicated. After surface biotinylation with Sulfo-NHS-Biotin, t
in each fraction were immunoprecipitated with MAb 6-7, subjected to SDS-PAGE
PVDF membrane. The biotinylated proteins on the membrane were detected by ECL
cleaved Se-L22P (F1) in both of the fractions shown in panel A were quantified with
on glass coverslips in six-well culture plates were transfected with the recombinant p
without trypsin (5 Ag/ml) at 37 -C for 30 min and incubated in the chase medium
subjected to indirect immunofluorescent staining with MAb 6-7, and the fusion
photomicrographs are shown in panel C. Scale bar, 100 Am.investigate the fate of the cleaved Se-L22P that would be
responsible for the fusion induction. To this end, the cell surface
proteins were biotinylated with Sulfo-NHS-Bition at various
time points after trypsin treatment, immunoprecipitated with
MAb 6-7, and analyzed by SDS-PAGE under reducing
conditions. Immediately after trypsin treatment, the cleaved
Se-L22P was predominantly found in the detergent-soluble
fraction on the cell surface (Fig. 8A), being consistent with the
results shown in Fig. 7A and C. Subsequently, the amount of the
cleaved Se-L22P in the detergent-soluble fraction decreased and
became undetectable within 5 h, whereas that in the detergent-
insoluble fraction became undetectable within 1 h. Quantitative
analysis of the F1 band revealed that more than 75% of the
cleaved Se-L22P disappeared from the cell surface within 1
h (Fig. 8B). On the other hand, newly transported uncleaved Se-
L22P (F0) appeared on the cell surface within 1 h andytium formation. (A) Detection of cleaved and uncleaved Se-L22P on the cell
t 37 -C for 30 min at 20 h posttransfection and further incubated in the chase
he detergent-soluble (S) and insoluble (I) fractions were separated. The proteins
(10% polyacrylamide gel) under reducing conditions, followed by transfer to
. (B) Kinetics of cleaved Se-L22P and syncytium formation. The amounts of the
the aid of NIH-Image. For analysis of syncytium formation, HeLa cells grown
lasmid encoding Se-L22P and incubated for 20 h. The cells were treated with or
for the times indicated. The cells were then fixed with 3.7% formaldehyde,
index was calculated as described in Materials and methods. Representative
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distributing to both the detergent-soluble and insoluble frac-
tions (Fig. 8A). As shown in Fig. 8C (0 h), treatment of the Se-
L22P-expressing cells with trypsin for 30 min already resulted
in formation of small syncytia. Then, the fusion rapidly
progressed and nearly all the Se-L22P-expressing cells medi-
ated syncytia within 1 h (Figs. 8B and C). Subsequently, the
fusion gradually progressed and reached a plateau after 6 h.
These results indicate that the cell surface-localized Se-L22P
molecules in both the raft and nonraft membrane fractions start
undergoing internalization on cleavage, concomitantly inducing
syncytium formation. Apparently, these properties of Se-L22P
are accompanied by its conformational change that takes place
on cleavage irrespective of its membrane localization (Fig. 7A).
Discussion
Our present study has shown that cleavage of the cell surface-
localized Se-L22P results in its internalization and in the
induction of extensive syncytium formation. In addition, the
cleavage of Se-L22P results in its conformational change that is
detectable in the flow cytometry, in which the reactivity of MAb
F1a to Se-L22P significantly decreased after cleavage. However,
a previous report has indicated that cleavage of a mutant SV5 F
protein, FR3, results in an increased reactivity of MAb F1a
(Dutch et al., 2001). FR3 is a cleavage site mutant of SV5W3AF
protein and contains only three arginine residues at the cleavage
site (Paterson et al., 1989), while the corresponding part of Se-
L22P contains five residues including one arginine at the
carboxyl terminus (Tsurudome et al., 2001). In contrast to Se-
L22P, FR3 does not induce syncytia by itself even when cleaved
by trypsin, presumably because its short cleavage site puts a
structural constraint on the molecule so that the protein is unable
to undergo the correct conformational change on cleavage
(Paterson et al., 1989; Ward et al., 1995). Therefore, we assume
that there is difference in conformation between the Se-L22P and
FR3 before and/or after cleavage, which may account for the
different reactivity of MAb F1a to these F proteins. On the other
hand, the conformational change of the cell surface-localized Se-
L22P was also detected by MAb 1D1 and MAb 6-7 in the
immunoprecipitation analysis, whereas these MAbs cannot
discriminate between the cleaved and uncleaved Se-L22P in
the flow cytometry. We assume that the epitopes for these MAbs
may be exposed or masked by nonionic detergent, TX-100,
depending on the conformation of Se-L22P: all the lysis buffers
used in our current study contain 1% TX-100. This notion could
be supported by a previous study indicating that nonionic
detergent such as 1% TX-100 or 0.2% NP-40 induces a local
conformational change of Bax, a protein that regulates apopto-
sis, resulting in exposure of an MAb epitope (Hsu and Youle,
1997). It has also been suggested that some epitopes on the
uncleaved form of the NDVF protein are masked in the presence
of nonionic detergent, 1.5% Tween 20 (Umino et al., 1990).
The epitope for MAb 1D1 is located in an amino acid region
(aa 448 to 452), that is immediately upstream of the HR2 domain
(described in Materials and methods). Thus, the inability of
MAb 1D1 to precipitate the cleaved Se-L22P is consistent with aprevious result of immunoprecipitation that indicates that the
anti-peptide sera to regions in or near the two heptad repeat
repeats show a dramatic loss in recognition of the F protein
(FR3) after cleavage (Dutch et al., 2001). Interestingly, it has
been suggested that these anti-peptide sera are unable to
recognize their target regions when the heptad repeats are
present in the six-helix bundle structure (Dutch et al., 2001): the
formation of this structure by paramyxovirus F protein is
considered directly coupled to membrane fusion (Baker et al.,
1999; Russell et al., 2001), and according to a model proposed
by Russell et al. (2004), the fusogenic ‘‘postfusion’’ form of the F
protein harbors this structure as its core. On the other hand, the
uncleaved precursor (F0) of the F protein does not include the
presence of a preformed six-helix bundle structure (Dutch et al.,
2001). Accordingly, neither the uncleaved Se-L22P nor the
uncleaved Se-WRF seems to have this structure. It should be
pointed out, however, that Se-WRF does not seem to have the
six-helix bundle structure even after cleavage, whereas the
cleaved Se-L22P may harbor this structure as its core. It is
noteworthy that the conformational change of Se-L22P takes
place on cleavage irrespective of its membrane localization.
Furthermore, the internalization of the cleaved Se-L22P takes
place irrespective of its membrane localization, resulting in its
disappearance from the cell surface. Interestingly, the confor-
mation of the cleaved Se-L22P in the nonraft fraction seems not
identical to that in the raft fraction. However, our present data do
not provide information as to whether this difference in
conformation reflects different fusion activity of the cleaved
Se-L22P.
As described so far, the cleaved Se-L22P undergoes a
conformational change and is internalized while inducing
syncytia formation. It is thus conceivable that the cleaved Se-
L22P trimer converts to the postfusion form at an unknown rate,
resulting in the induction of cell fusion and possibly in the
display of an internalization signal. It is a future task to see
whether the internalization competence of the cleaved Se-L22P
can be separated from its fusion activity, though our current data
suggest an intimate correlation between the two properties.
Interestingly, the cleaved Se-L22P disappears from the cell
surface by 5 h due to its internalization, whereas syncytium
formation proceeded up to 6 h and then reached a plateau (Fig.
8). It is possible that there may be some small amount of the
cleaved Se-L22P on the cell surface at 5 h or at the later time
points, which may not be detectable by immunoprecipitation
with MAb 6-7 but may be enough for inducing fusion.
L22P is internalized not only in the syncytial cells but also in
the nonfused single cells, indicating that L22P may be
internalized even when it has not directly been involved in the
fusion event. It seems interesting, in this context, that only 30 to
40% of the L22P-expressing cells induced fusion, whereas
nearly all the Se-L22P-expressing cells could induce fusion after
cleavage. Since L22P has amultibasic cleavage site that could be
cleaved by a furin-like protease in the trans-Golgi network
(Ortmann et al., 1994), it may start undergoing internalization
upon reaching the cell surface, resulting in a downregulation of
the protein and in a low efficiency of syncytium formation. By
contrast, the uncleaved Se-L22P is not quickly internalized,
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the neighboring cell membranes. Subsequent cleavage of Se-
L22P by trypsin may thus result in the induction of syncytium
formation with high efficiency. It is very likely, however, that a
substantial proportion of the cleaved Se-L22P may be internal-
ized without inducing fusion.
Clathrin-mediated internalization has been reported for the
glycoproteins of several viruses of different families (Boge et al.,
1998; Bowers et al., 2000; Heineman and Hall, 2001; Moll et al.,
2001; Van Minnebruggen et al., 2004). The resulting down-
regulation of the viral glycoprotein is considered beneficial for
evading the immune system and/or regulating the cytopathoge-
nicity of the virus. In the case of measles virus, both the HA and
F proteins are internalized in transfected cells dependently on a
tyrosine residue in their cytoplasmic tails, but are not internal-
ized in the virus-infected cells, possibly because the interaction
of these glycoproteins with matrix protein prevents the
interaction with cellular adaptor proteins (Moll et al., 2001).
On the other hand, the F protein of Nipah virus contains a
tyrosine-based motif for clathrin-mediated endocytosis and is
internalized either in the virus-infected cells or in the transfected
cells, whereas the G protein is constitutively internalized with
the bulk flow during membrane turnover (Vogt et al., 2005). As
for SV5, previous studies have shown that the surface-localized
W3A HN protein is internalized in the virus-infected cells
dependently on an internalization signal at the transmembrane–
ectodomain boundary region via clathrin-mediated endocytic
pathway, while the F protein is not internalized (Leser et al.,
1996, 1999; Ng et al., 1989). Accordingly, the W3A F protein
was not efficiently internalized in the transfected cells as
compared with L22P (data not shown), suggesting that the
amino acid residues Pro-443 and Ala-516 of L22P, that differ
from theW3A F counterparts (Ito et al., 1997), may be important
for the internalization of L22P. It seems noteworthy, on the other
hand, that both the WR F protein and L22P harbor a dileucine-
based motif at position 512, that is located in the cytoplasmic
domain and may serve as a signal sequence for the clathrin-
mediated endocytosis (Haft et al., 1994; Letourneur and
Klausner, 1992). Since the conformation of L22P is distinct
from that of the WR F protein (Tsurudome et al., 2001), it seems
possible that this putative internalization motif may be exposed
only on the L22P molecule. However, we have found that an
inhibitor of clathrin-mediated endocytosis, chlorpromazine
(Wang et al., 1993), cannot block the internalization of L22P
even at a subtoxic concentration (data not shown). On the other
hand, a subtoxic concentration of nystatin, an inhibitor of the
caveolin-mediated endocytic pathway (Deckert et al., 1996), is
also unable to block the internalization of L22P (data not
shown). These findings seem consistent with the internalization
of the cleaved Se-L22P that takes place either in the raft or
nonraft membrane microdomains. As discussed below, another
possibility is that the fusion peptide may serve as a putative
conformation-dependent internalization signal for an unknown
endocytic pathwaywhen L22P has assumed the postfusion form,
with the fusion peptide being inserted in the plasma membrane.
The internalized L22P is degraded by lysosomal protease(s),
resulting in generation of its breakdown product, the 66-kDaprotein. Since L22P migrates as a 70-kDa protein, approxi-
mately 40 amino acids may be removed from the internalized
L22P by the lysosomal protease(s). Noteworthily, we found
that the 66-kDa protein was not immunoprecipitated with the
anti-F2 peptide antibody (data not shown), whose epitope is
located in a 20-residue region at the F2 C-terminus of L22P
(Ito et al., 2000), indicating that most of this region may be
removed from the internalized L22P by lysosomal protease(s).
On the other hand, our present data have indicated that the F1
of the 66-kDa protein is composed of two fragments, the 36-
kDa and 16-kDa proteins that are linked together by disulfide
bond(s). Such fragments would be generated from the F1 when
one, or even all, of the four Cys–Cys loops are digested by
lysosomal protease(s), provided that the corresponding disul-
fide bond(s) have escaped the reducing activity in the late
endosome or lysosome. Although it is not clear which loop is
digested, the fourth appears the most likely candidate because
digestion of this loop would generate the largest N-terminal
fragment (34.4 kDa) and the smallest C-terminal fragment
(19.0 kDa), while digestion of the first loop would generate the
smallest N-terminal fragment (23.0 kDa) and the largest C-
terminal fragment (30.5 kDa). Interestingly, the SeV F protein
of active viral particles can be cleaved in situ by trypsin, which
digests the F1 presumptively at residue 296 in the fourth Cys–
Cys loop, resulting in generation of the N-terminal 32-kDa and
C-terminal 19-kDa fragments (Asano et al., 1983; Moscufo et
al., 1987). On the basis of this finding, lipid interaction of the
SeV F protein was analyzed by using the hydrophobic
photolabeling technique (Moscufo et al., 1987), resulting in
the interesting finding that both the N- and C-terminal
fragments were labeled with a photoreactive probe that had
been incorporated in the viral envelope. These authors thus
hypothesized that the SeV F1 forms a loop-like structure in
which both the N-terminal fusion peptide and the C-terminal
transmembrane domain are embedded in the envelope. This is
reminiscent of the trimeric hairpin-like structure that is
characteristic to the presumptive postfusion form of the
paramyxovirus F proteins (Baker et al., 1999; Li et al.,
2003). It is thus likely that a proportion of the F trimers on
the SeV virion assumed the postfusion form most likely during
the purification and/or storage of the virion that might result in
the inactivation of these F trimers.
Recently, the crystallographic structures of the F trimer of
NDV and hPIV3 have been reported (Chen et al., 2001; Yin
et al., 2005). Most notably, the reported structures seem to
represent the most stable postfusion form rather than the
metastable prefusion form as suggested by Morton et al.
(2003) and Yin et al. (2005). We then analyzed the reported
structures (PDB ID codes 1D5G and 1ZTM) with the aid of
a software, Deep View Swiss-Pdb Viewer (GlaxoSmithKline
R and D and the Swiss Institute of Bioinformatics) and
found that the C-terminal domain of F2 and the fourth Cys–
Cys loop are extensively exposed on the surface of the F
trimer of these viruses, suggesting that they could serve as
the targets for proteases, whereas the first Cys–Cys loop
faces the radial channels that are formed inside of the trimer
(data not shown).
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internalized L22P represents the putative postfusion form of
the paramyxovirus F protein. Since it seems reasonable to
consider that the cleaved Se-L22P mediates fusion before being
internalized, we envisage that its internalization signal may be
exposed when it has assumed the postfusion form.
Materials and methods
Cells
Human cervical carcinoma-derived HeLa cells were main-
tained in Eagle’s minimum essential medium (MEM) supple-
mented with heat-inactivated 5% calf serum.
Antibodies and reagents
Culture fluids of anti-SV5 MAbs, 6-7 and 21-1 (Tsurudome
et al., 2001), were used without dilution. Ascitic fluid of anti-
SV5 F MAb, F1a (Randall et al., 1987), was used at a 1:1000
dilution. Culture fluid of anti-CD98 heavy chain MAb, 4-5-1
(Ito et al., 1992; Ohgimoto et al., 1995), was used without
dilution. Anti-SV5 rabbit antibody was obtained from Denka
Institute of Biological Science (Niigata, Japan) and used at a
1:100 dilution. For the preparation of MAb 1D1, the membrane
proximal region (aa 420 to 484) of the WR F1 ectodomain was
recombinantly expressed in Escherichia coli BL21 (DE3) as a
fusion protein with calmodulin-binding peptide and electro-
phoretically purified as described previously (Nishio et al.,
1999). The procedures used for the MAb preparation were the
same as described previously (Tsurudome et al., 1989). By
systematic screening of short overlapping peptides (Pepscan
Systems, Lelystad, The Netherlands), the epitope for MAb 1D1
was mapped to an amino acid region, aa 448 to 452, that is
immediately upstream of the HR2 domain. Culture fluid of
MAb 1D1 was used without dilution. The MAbs raised against
human transferrin receptor (H68.4), caveolin-1 (N-20), and
LAMP-1 (H4A3) were bought from Zymed Laboratories
(South San Francisco, CA), Santa Cruz Biotechnology (Santa
Cruz, CA), and American Research Products (Belmont, MA),
respectively. BAF and epoxomicin were bought from Wako
(Osaka, Japan) and Peptide Institute (Osaka Japan), respec-
tively. Acetylated trypsin (trypsin), sodium 2-mercaptoethane-
sulfonate (MESNA), and 4V, 6-diamino-2-phenyindole,
dilactate (DAPI) were purchased from SIGMA (St. Louis,
MO). Sulfo-NHS-Biotin and thio-cleavable Sulfo-NHS-SS-
Biotin were purchased from Pierce (Rockford, IL). Staphylo-
coccus aureus V8 protease was purchased from ICN Biome-
dicals (Aurora, OH).
Recombinant plasmids
The recombinant SRa plasmid harboring the cDNA
encoding L22P or the WR F protein was described previously
(Ito et al., 1997). The recombinant SRa plasmids encoding the
cleavage site mutants Se-L22P and Se-WRF were described
elsewhere (Tsurudome et al., 2001).Transient expression of genes
HeLa cells were seeded at 7.5  105 cells per well in six-
well culture plates (Becton Dickinson Labware, Franklin
Lakes, NJ) and incubated at 37 -C for 22 h in MEM containing
heat-inactivated 10% fetal calf serum. Each recombinant
plasmid (4 Ag/well) was then added to the subconfluent cell
monolayers by the calcium phosphate method (Graham and
van der Eb, 1973). After 4 h of incubation at 37 -C, the cells
were treated with 15% glycerol in HEPES-buffered saline (50
mM HEPES, 0.75 mM sodium phosphate, 140 mM NaCl [pH
5.7]) at room temperature for 3 min and incubated at 37 -C for
the times indicated in MEM supplemented with 10% fetal calf
serum.
Flow cytometry
HeLa cells grown in six-well culture plates were transfected
with the recombinant plasmid encoding Se-L22P. After 20 h of
incubation at 37 -C, the cells were suspended in 0.02% EDTA
in phosphate-buffered saline (PBS) and treated with or without
trypsin (5 Ag/ml MEM) at 37 -C for 30 min. The cells were
then quickly chilled on ice, washed with ice-cold MEM
containing 5% calf serum, and immunostained with individual
anti-F MAbs and fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse immunoglobulins (ICN Biomedicals), or with
anti-SV5 antibody and FITC-conjugated sheep anti-rabbit IgG
(ICN Biomedicals). All the procedures for the immunostaining
were performed on ice or at 4 -C. Mean fluorescence intensity
(MFI) of 5  104 cells was measured on a FACScan instrument
(Becton Dickinson Immunocytochemistry Systems, Mansfield,
MA) as described previously (Tsurudome et al., 2001). For
each antibody, the MFI given by the cells transfected with Se-
L22P-encoding recombinant plasmid was expressed after
subtracting that given by the control cells transfected with
the SRa plasmid.
Measurement of syncytia
HeLa cells grown on glass coverslips in six-well culture
plates were transfected with the recombinant plasmid
encoding Se-L22P. After 20 h of incubation at 37 -C, the
cells were treated with trypsin (5 Ag/ml MEM) at 37 -C for
30 min. The trypsin solution was removed, washed once
with MEM supplemented with 5% calf serum (chase
medium) and incubated in the fresh chase medium at 37
-C for the times indicated. The cells were then fixed with
3.7% formaldehyde in PBS, washed three times with PBS,
and permeabilized with 0.1% TX-100 in PBS. For immu-
nofluorescent staining, the cells were treated successively
with MAb 6-7 and FITC-conjugated goat anti-mouse
immunoglobulins. The results were observed by using a
fluorescence microscope (Olympus, Tokyo, Japan). The
photomicrographs of randomly chosen ten fields were
subjected to morphometric measurement of syncytia, and
the average fusion index (%) and SD were calculated as
described previously (Tsurudome et al., 1995).
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HeLa cells grown on glass coverslips in six-well culture
plates were transfected with the recombinant plasmid encoding
L22P or the WR F protein. After 20 h of incubation at 37 -C,
the cells were treated with anti-SV5 rabbit antibody on ice for
30 min, washed once with the chase medium, and incubated in
the fresh chase medium at 37 -C for the indicated periods of
time. The cells were then fixed with 3.7% formaldehyde,
permeabilized with 0.1% TX-100, and treated with FITC-
conjugated sheep anti-rabbit IgG.
Confocal laser microscopy
HeLa cells grown on coverslips in a six-well culture plate
were transfected with the recombinant plasmid encoding L22P,
fixed with 3.7% formaldehyde at 20 h posttransfection, and
permeabilized with 0.1% TX-100. The cells were then
successively treated with MAb 6-7 (IgG2a), FITC-conjugated
rat anti-mouse IgG2a (Zymed Laboratories, San Francisco,
CA), anti-LAMP-1 MAb (IgG1), and tetramethylrhodamine
isothiocyanate (TRITC)-conjugated goat anti-mouse IgG1
(Southern Biotechnology Associates, Birmingham, AL). The
results were observed by using a confocal laser microscope
(Carl Zeiss, Jena, Germany).
Radioimmunoprecipitation
HeLa cells grown in six-well culture plates were transfected
with the recombinant plasmid encoding L22P or the WR F
protein, incubated at 37 -C for 20 h in MEM containing 10%
fetal calf serum, and washed once with methionine- and
cystine-depleted MEM (starvation medium). After incubation
in the fresh starvation medium at 37 -C for 30 min, the cells
were labeled with 500 ACi of Pro-mix L-[35S] in vitro cell-
labeling mix (Amersham Pharmacia Biotech, Tokyo, Japan)
per ml in the starvation medium at 37 -C for 2 h. The cells were
incubated in the chase medium at 37 -C for the times indicated
and the cell lysates were prepared. The cells were then washed
once with ice-cold PBS and lysed on ice for 15 min with 500
Al of lysis buffer (25 mM HEPES, 1% TX-100, 137 mM NaCl,
3 mM ß-glycerophosphate, 3 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride [pH 7.6]). The cell lysates were
clarified by centrifugation (13,000  g for 5 min) and the
radiolabeled proteins in the cell lysates were immunoprecipi-
tated with MAb 6-7 and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), followed by
autoradiography.
Partial proteolytic digestion
HeLa cells grown in six-well culture plates were
transfected with the recombinant plasmid encoding each F
protein, incubated at 37 -C for 20 h, and labeled with Pro-
mix L-[35S] in vitro cell-labeling mix at 37 -C for 12 h.
The proteins in the cell lysates were immunoprecipitated
with MAb 6-7 and the immunoprecipitates were subjected toSDS-PAGE under nonreducing conditions. The gel strips
corresponding to the lanes for the immunoprecipitates were
excised and subjected to SDS-PAGE under reducing condi-
tions, followed by autoradiography. The developed autora-
diogram was used as template to locate the proteins of
interest on the dried gel. Then, the individual protein bands
were excised from the dried gel and hydrated with distilled
water. The hydrated gels were then treated with 0.5 mg of
Staphylococcus aureus V8 protease per ml according to the
method of Cleveland et al. (1977), subjected to SDS-PAGE
under reducing conditions by using Tris/Tricine-buffered
system (Tricine–SDS-PAGE) according to Scha¨gger and von
Jagow (1987), followed by autoradiography.
Cell surface biotinylation
HeLa cells grown in six-well culture plates were transfected
with the recombinant plasmid encoding each F protein. After
20 h of incubation at 37 -C, the plates were placed on ice, and
the cells were washed three times with ice-cold PBS containing
0.1 mM CaCl2 and 1 mM MgCl2 (PBS+). The cells were then
treated with 0.3 mg of Sulfo-NHS-Biotin per ml in PBS+ on
ice for 30 min and unbound reagents were quenched by adding
ice-cold 0.1 M glycine in PBS+. After three times of washing
with PBS+, the cells were incubated in the chase medium at
37 -C for the times indicated and lysed with 600 Al of lysis
buffer per well. The proteins in the lysates were immunopre-
cipitated with MAb 6-7, subjected to SDS-PAGE, and
electroblotted to Hybond-P PVDF membranes (Amersham
Biosciences, Buckinghamshire, England). For detection of the
biotinylated proteins by enhanced chemiluminescence (ECL),
the membrane was successively treated with streptavidin–
biotin–peroxidase complex (Vector Laboratories, Burlingame,
CA) and Western Blotting Luminol Reagent (Santa Cruz
Biotechnology), followed by exposure to X-ray film (KONICA,
Tokyo, Japan). Quantification of the signals on the developed
film was performed with the aid of a graphics software, NIH
Image ver.1.60.
Internalization assay
Internalization assay was performed as described by Moll
et al. (2001) with some modifications. Briefly, HeLa cells
grown in six-well culture plates were transfected with the
recombinant plasmid encoding each F protein, incubated at
37 -C for 20 h, and biotinylated with thio-cleavable Sulfo-
NHS-SS-Biotin on ice for 30 min as described above for Sulfo-
NHS-Biotin. Then, in order to allow internalization, the cells
were incubated in the chase medium at 37 -C for the times
indicated. The biotin moieties bound to the proteins that
remained on the cell surface were removed by reducing with
50 mM MESNA in 50 mM Tris–HCl (100 mM NaCl, 25 mM
CaCl2 [pH 8.7]) on ice for 1 h and washed three times with 20
mM HEPES in PBS+, and the cells were lysed with 600 Al of
lysis buffer per well. The proteins in the cell lysates were
immunoprecipitated with MAb 6-7, subjected to SDS-PAGE
under nonreducing conditions, and electroblotted to PVDF
M. Tsurudome et al. / Virology 347 (2006) 11–27 25membranes. The biotinylated proteins on the membranes were
visualized by ECL as described above.
Separation of detergent-soluble and insoluble membrane
fractions
HeLa cells grown in six-well culture plates were
transfected with the recombinant plasmid encoding each F
protein, incubated at 37 -C for 20 h, and biotinylated as
described above. After incubating at 37 -C for the times
indicated, the cells were treated with 600 Al of 1% TX-100
in 50 mM Tris–HCl (150 mM NaCl, 5 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, [pH 7.4]) per well on ice for
30 min, the supernatant containing the detergent-soluble
fraction was carefully collected, and clarified by centrifu-
gation (13,000  g for 5 min). The resulting sediment and
the cells that remained insoluble in 1% TX-100 were lysed
with 600 Al of lysis buffer on ice for 15 min, clarified
by centrifugation, and used as the detergent-insoluble
fraction.
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